Four principal groups of reactions are applied and studied in analytical chemistry: ( i) precipitation and other methods of phase separation, ( ii) acidbase reactions, (iii) oxidation-reduction processes and (iv) complexing reactions. For a lang time only the first three groups were developed to any great extent, since the mechanism ofthe reactions, and their thermodynamic and other constants were fairly well-known. Complexing reactions were developed considerably later. Even 20 years ago, the thermodynamic stability constants were known for not more than about 30 complexes. Very little was known about the composition, structure and properties of the complexes, the formation of which furnishes the basis for the colorimetric method ofanalysis, as weil as for some other methods ofanalytical chemistry. During the past 20 years the situation in this field has changed greatly. The methods of complexometric titration, separation by extraction and spectrophotometry were widely developed, these methods being based in most cases on the formation of complex compounds.
A.K.BABKO Thus, for instance, if a chloride ion is added to an iron thiocyanate complex solution, weakening of the optical density of the solution is observed. This result is usually explained by the fact that the chlorine ions convert a part of the iron into a weakly coloured chloride complex:
Fe(SCN)na-n + mCl-~Fe Clm3-m + n SCNIn many cases the stability constants are known for various sets of complexes, and therefore calculations of equilibria are possible. If the thiocyanate and chloride concentrations are known, the degree of weakening of the optical density may be calculated for the above case.
The investigations of many chemists in various countries show, however, that such reactions often occur in a more complicated way. The third component sometimes does not expel one of the other two from the coordination sphere. Inanumber of cases the third component enters into the composition of the coordination sphere, forming a triple (mixed) tomplex. The chief indication of such cases is the absence of additive properties of the threecomponent system.
Thus, on introducing oxalic acid into a yellow solution of the peroxide complex of titanium, a decrease in the optical density is observed. It is usually assumed that this is due to the partial decomposition of the peroxide complex as a result of the conversion of part of the titanium into a complex with oxalic acid. In this case it would be expected that the absorption band of the peroxide complex of titanium would be weakened; at the same time, the optical density would increase in the region ofthe spectrum corresponding to the oxalate complex oftitanium. In actual fact, the absorption band of the peroxide complex of titanium is not weakened, but is shifted to the short-wave part of the spectrum. This is due to the formation of a mixed titanium complex containing both hydrogen peroxide and oxalic acid.
One more example, which has been studied in greater detail, may be considered, i.e. the interaction in the triple system of copper-pyridinesalicylate. When pyridine is added to a yellow solution of a salicylate complex of copper, one would expect weakening ofthe band at 400 IDJL, corresponding to copper salicylate, and at the same time, a rise in absorption at 700 IDJL, typical of the pyridine complex of copper. However, the optical density rises in both regions of the spectrum, the molar extinction coeffi.cient being considerably higher than the respective coeffi.cient of each complex taken separately. Moreover, the change in the properties of the systems is still more profound. Salicylate complexes of copper and also its pyridine complex are insoluble in chloroform. In a mixture of all three components, however, a compound is formed which is soluble in chloroform. A detailed investigation shows that a copper complex is forrned which contains both pyridine and salicylate in the coordination sphere, The properties of this complex differ so greatly from those of the pyridinate and salicylate of copper that it would be more correct to call it a triple complex compound rather than a mixed compound.
The cited examples are not exceptions. There are many data at present, son1e of them obtained in Kiev, indicating that the interaction in a threecomponent system frequently leads to the formation of such compounds with TRIPLE (MIXED) COMPLEXES IN PHOTOMETRie ANALYSIS a mixed coordination sphere. These compounds have special properties, which are not possessed by the corresponding double (i.e. ordinary) complexes. Such triple complexes are ofimportance in various fi.elds ofanalytical chemistry, including spectrophotometric analysis. They are most frequently formed in cases when the ligands are different. This is due to the fact that the coordination positions are often of unequal value. Therefore, dissimilar ligands do not hinder and do not compete (within certain limits of concentration) with each other in the coordination sphere. Tripie compounds are often not formed in cases where the Iigand has two dissimilar atoms which are capable of coordination. Thus, for instance, aminoacetic acid does not ordinarily form triple (mixed) complexes. Nevertheless, cases are known where triple compounds form from two ligands with groups of a sjmilar nature, if these ligands are of different dimensions or have other different properties.
An attempt is made in the following treatment to classify various systems of triple complexes and examine in detail various examples of such compounds which are of importance for photometric analysis. At least four groups of triple complexes may be distinguished.
COMPLEXES FORMED IN THE SYSTEM METAL ION-ELECTRONEGATIVE LIGAND-ORGANIC BASE (OR BASIC DYE)
One example of the formation of triple complexes in such a system has already been considered in the discussion of pyridine-salicylate complexes of copper.
Inanumber of cases a typical feature for similar systems is the formation of various compounds depending on the pH of the solution. At a high pH, when the base is in a free form, a compound is often formed between a cation ofthe ammoniate type and the electronegative Iigand. At a low pH, when the base is in the form of an ion of the ammonium type, complexes are formed of the ammonium salt with a metal acido-complex. The number of such compounds is very great, many of them being extensively used in various methods of photometric analysis. The compounds of the last sub-group are particularly well-known. Thus, methods of determining antimony, based on the formation of compounds of basic dyes with halogen complexes of antirnony, are widely used. Of great value are the methods of determining tantalum or boron based on the formation of similar compounds of basic dyes with fluoride complexes of these elements. Similar methods are known for a number of other elements. There is no need, therefore, to consider this group of compounds in detail. They are frequently regarded as ionic associates. We cannot, however, agree with this assumption, since compounds of this type often have a special absorption band differing sharply from the corresponding ordinary (double) complexes. This was shown previously for copper-salicylate-pyridine complexes. The interaction in the system titanium-diantipyrilemethane-thiocyanate was studied in detail at Kiev by Tananaiko. In this case the absorption spectra of triple compounds differ sharply from the absorption spectra of titanium diantipyrilemethane complexes and of titanium thiocyanate complexes. In addition, the molar 559 s A.K.BABKO extinction coefficient of the triple complexreaches a valueoftheorderof5 x 104, which is altogether unusual for the initial components when combined in the form of ordinary complexes. The triple complexes in the systems above differ from the double compounds by their ability to extract non-polar solvents, their dissociation in the organic phase occurring in accordance with the molecular type. The formation of similar compounds has been proved to take place with a number of other metals, such as molybdenum, niobium, cobalt and others.
COMPLEXES OF METALS WITH TWO DIFFERENT ELECTRONEGATIVE LIGANOS
Some mixed complexes of this type have long been known. Examples are compounds in the system iron-thiocyanate-chloride. Another example, cited above, is the complex in the system titanium-hydrogen peroxideoxalic acid. Data have recently appeared indicating the very important role of such compounds in homogeneous catalysis, since this is probably what conditions the charge transfer from the oxidizing to the reducing agent through the intermediary of the central metal ion catalyst. However, there are many simpler cases which have been studied in greater detail; such complexes are, apparently, particularly typical of high-valent elements.
As an example, we can examine in greater detail the formation of some coloured complexes of niobium and tantalum.
Until recently it was believed that tantalum and niobium did not react with most of the typical metallochromic indicators, such as PAN, PAR, xylenol orange and others. This inertness was usually explained by the intense hydrolysis of niobium and tantalum salts, as a consequence of which few free ions of these metals remained in solution, while the various hydrolysed forms were of low activity and were, in addition, sometimes polymerized. Actually, the most widely used methods for the photometric determination of tantalum and niobium are based on the formation of coloured compounds in a sufficiently acid medium (e.g. niobium thiocyanate, as well as the fiuorotantalate ofthe basic dye). In a highly acidmedium hydrolysis is decreased and some reactivity appears. At the same time, reactions with metallochromic indicators are usually complete only at a relatively high pH. These principles might explain the observed properties, but they cannot be regarded as being based on very rigorous foundations in the discussion of the chemistry of coloured tantalum and niobium compounds. Thus, it was known that some high-valent elements, like zirconium or titanium, react with metallochromic indicators in a highly acid medium, while coloured complexes arealso stable with a raised pH (for instance, complexes of titanium with chromotropic acid, complexes of zirconium with xylenol orange, etc.). A strong tendency to hydrolysis means great binding energy between the highly charged ion and the oxygen or hydroxyl ions. Hydrolysis cannot, therefore, in general be a hindrance to the reaction of a highly charged ion with some reagent containing an OH group.
A sharp change in the chemistry of coloured tantalum and niobium complexes occurred in recent years when a number of chemists proved that in the presence of some strong complexing agents tantalum and niobium react with metallochrome indicators. On the basis of previous theories this could not be explained. If in a solution of simple salts the concentration of free meta! ionswas inconsiderable (as a consequence ofhydrolysis) it should become still less on introducing strong complexing agents, such as tartaric acid, hydrogen peroxide, oxalic acid and others; however, these compounds, which frequently decompose many coloured compounds of other metals, proved tobe "activators" for tantalum and niobium.
I t has now been ascertained that these activators affect two aspects of the process of formation of coloured compounds. ( i) Activators cause depolymerization of high-valent meta! ions. A number of methods have been used to prove that niobium forms monomer ions only in a medium of 10 N hydrochloric acid, and with lower acidity it occurs in the form of polyions which display a very low reactivity with respect to many metallochromic indicators. For tantalum in solutions ofits ordinary salts, including chlorides, monomer forms do not arise under any conditions. However, on introducing some complexing agents into the solutions, depolymerization is observed. Thus, in the presence of fluoride ions the rate of diffusion of tantalum and niobium through cellophane increases sharply. The reactivity rises at the same time. In this case, as in all others, the concentration of the complexing agent is ofimportance. With a !arge excess of complexing agent the reactivity of high-valent elements is again decreased, in this case in connection with its binding with the third component in stable complexes.
( ii) The activators not only Iead to depolymerization. They also enter into the composition of meta! complexes with metallochromic indicators, thus forming triple complexes. These triple complexes have specific spectral absorption bands and a number of other properties distinguishing them from mixtures of two simple complexes. As an example the properties of complexes in the system pyrogallic acid-tantalum (niobium)-oxalic acid can be considered. This complex formation is the basis of the established method of photometric determination of the elements in question. The method is based on the fact that tantalum forms a coloured complex in an acid medium, while niobium forms with the same reagents a coloured com~ plex at higher pH values. However, the chemistry of the reactions remains obscure; in particular, it is difficult to explain the great difference in the range of optimal values of pH, as weil as the arrangement of the elements in the stability series of complexes. It is known that niobium is more capable of forming hydrolysed compounds; thus, tantalum readily forms the fluoride complex TaF6, while niobium usually forms only the fluoride complex of oxoniobium NbOF5. It would, therefore, be expected that niobium would also react more rapidly in reactions with metallochrome indicators containing OH groups, whereas, as already mentioned, tantalum reacts in an acid medium. The reaction of niobium in a medium of pH in the range 7-8 is in general hardly comprehensible, if the strong hydrolysis of niobium is taken into consideration. Thus, the method did not have sound theoretical foundations, the choice of optimal conditions being of a random nature. A careful spectrophotometric investigation showed that the determination ofboth metals by this method is connected with the formation oftriple com~ plexes. Thus, in the absence of other complexing agents, tantalum forms a colourless complex with pyrogallol in an acid medium; the maximum of the 561 absorption spectrum lies at 340 mJ.L. Oxalic acid itself also forms a colourless complex with tantalum. However, on introducing oxalic acid into a solution of the pyrogallate complex of tantalum, weakening of the band was observed at 340 mfL and a new band appeared in the visible part of the spectrum ( 420 ml-'). It is the formation of this triple com plex which is the basis of the known photometric method.
Furthermore, contrary to what is normally assumed, the pyrogallate complex of tantalum is not decomposed at all in the case of a rise in pH; on the contrary, a new complex (also uncoloured in the visible part of the spectrum) is formed with two coordination residues of pyrogallol. Thus, tantalum could not be determined by this method, if the formation of triple complexes did not take place. Insufficient attention had been paid to this point before, because in the course of the analysis carried out by the ordinary procedure, the melt was dissolved after fusion of the pentoxides of tantalum and niobium in the presence of oxalic acid. I t was considered tha t oxalic acid only decreased hydrolysis, but it was not known that it participated directly in the formation of the coloured complex.
It was thought previously that niobium formed a colourless complex with pyrogallol in an acid medium, which was not very convincing when it is considered that niobium has more pronounced chromophoric properties than tantalum; this agrees both with the readier participation of niobium in the oxidation-reduction processes (mobility of the electron system) and with the colouroftheniobiumcompounditself, e.g. niobium thiocyanate and tantalum thiocyanate are colourless. Acheckshows that niobium forms a coloured complex with pyrogallolinan acid medium, which agrees with its other properties, mentioned above. Under the action of oxalic acid, niobium forms a colourless complex. Only with a raised pH, when the pyrogallol anion concentration increases, is a coloured mixed pyrogallate-oxalate niobium complex formed.
The example cited makes clear the significance of triple complexes in the photometric analysis of tantalum and niobium. Many examples could be cited from other fields, e.g. iron forms a yellow complex with EDTA, but does not form any stable complexes with hydrogen peroxide; nevertheless a violet complex is formed in the system iron-hydrogen peroxide-EDT A.
A paper has recently been published by J apanese chemists on the reactions of titanium with xylenol orange in the presence of hydrogen peroxide; in this case the "activation" of titanium is also, probably, connected with the formation of triple complexes. Many original data on the use of mixed reagents have been obtained in Moscow by Dziomko.
COMPLEX HETEROPOLYACIDS
The significance ofheteropolyacids in photometric analysis is well-known. The main difficulty in the theory of the structure and properties of heteroacids is the extraordinarily large coordination number. The small central atom ofphosphorus or silicon, etc. affects the properties of9, more frequently 12, and sometimes even 24 molybdenum or tungsten atoms. On the basis of X-ray investigations, it is usually assumed that the ligands are united in multinuclear groups, which act as a whole during the formation of the 562 TRIPLE (MIXED) COMPLEXES IN PHOTOMETRIO ANALYSIS co-ordination sphere. However, with any conceptions as to the structure, the overloading ofthe coordination sphere is obvious. It could, therefore, be assumed that under the effect of a third component, capable of reacting with oae of the components of the heteropolyacid, the latter would be decomposed. Thus, for example, it might be inferred that, when niobium acts on a phosphorus-molybdenum complex, the latter would be decomposed with formation of slightly soluble niobium phosphate. However, experiment showed that a new compound was formed, containing three components: phosphate, niobium and molybdate.
Some similar compounds were previously known. Thus, for the determination of phosphorus, vanadium phosphoro molybdate was used, having advantages over ordinary phosphoro molybdate with respect to a number of properties. Titanophosphoro molybdate and other heteropolyacids containing three different components arealso known.
These triple compounds have a number of typical properties which are important for application to photometric analysis. It should first of all be noted that triple compounds are often more stable, although the opposite might be expected in view of the complexity of the composition. The stability of the triple heteropolyacids occurs over a wider range of pH than for ordinary heterocomplexes. Furthermore, a smaller excess of reagent (molybdate) is required for the formation oftriple heteropolyacids. This Ieads to a smaller dependence on the presence of extraneous ions attached to molybdate and, in addition, makes it possible to separate heteropolyacids from excess reagent more easily.
Tripie heterocomplexes have a number of typical properties determining their chemical individuality. Thus, they are usually more readily soluble in water and are less extracted by non-polar organic liquids, which makes it possible to separate them from ordinary heteropolycomplexes. The fact that the absorption spectra of triple compounds are shifted more towards the visible region of the spectrum is also important for photometric analysis.
The structure of triple heteropolycomplexes is not yet clear enough. The optical density of all molybdenum heteropolycomplexes is undoubtedly due to the polarization of molybdenum atoms, since chromophoric properties cannot, apparently, be attributed to phosphorus or silicon. Hence, the twoto three-fold increase in the molar extinction coefficient in the visible part of the spectrum should be explained by the fact that the nature ofthe polarizing centre has changed, i.e. instead of the central atom of phosphorus or silicon a new complex centre has appeared, for instance, niobium phosphate or titanium phosphate. The composition ofsome triple heteropolycomplexes also agrees with these assumptions: the ratio of phosphate to niobium is approximately equal to unity. Some changes in the composition do not occur with change in molybdate concentration, but with change in acidity, the relative niobium content increasing somewhat with an increase in pH. This corresponds to the formation of basic niobium phosphate, which is probably the centre of the triple compound. Finally, triple complexes of this type are more stable with respect to excess phosphoric acid, while ordinary phospho-molybdic acid, as is known, is decoloured in the presence of excess phosphate. This also agrees with the assumption of a complex centre of titanium or niobium phosphate in such compounds.
Thus, triple heteropolycomplexes are a new group of triple complexes. In this group, as distinct from those discussed in the foregoing, there is a homogeneaus coordination sphere (molybdate or polymolybdate ion), but a "mixed" centreis formed, or to be more exact, a "central molecule" of phosphate of titanium or niobium, vanadium and so forth.
COMPLEXES WITH TWO DIFFERENT ELECTRO-POSITIVE ATOMSAND ONE ELECTRONEGATIVE LIGAND
The group of triple complexes considered in this section has been the least studied from the point of view of structure and conditions of formation. Nevertheless it is of great importance for analytical chemistry, in particular for photometric analysis. The formation of such compounds sometimes Ieads to cases of so-called "loss of individuality", when the properties of one metal change in the presence of another metal. Formally these complexes are similar to some polynuclear complexes of chromium, cobalt and other elements. However, in the above case there is, probably, no direct metalmetal bond; in addition, the compound does not contain two atoms of the same metal, but two atoms of different metals. It is mostprobable that the formation ofsuch compounds is due in some cases to the preliminary reaction of the formation of a mixed hydroxo-complex, and in other cases to the attachment of various metals to different places of one molecule of the electronegative component. Examples of the first sub-group are some complexes formed in mixtures of tantalum and niobium. Thus, it was recently shown that niobium bonds to one molecule of hydrogen peroxide so strongly that it is not titrated by permanganatein a weakly acid medium. Tantalum does not form so stable a peroxide complex under these conditions. However, when both elements are present together, niobium alsofails toremainattached to its molecule of hydrogen peroxide. On the other hand, tantalum forms a stable complex with hydrogen peroxide only in the presence of phosplioric acid; moreover, in this case hydrogen peroxideisnot titrated by permanganate. This may be a basis for the photometric or titrimetric determination of tantalum. The peroxide complex of niobium is decomposed by phosphoric acid, i.e. it should not affect the titration or photometry of tantalum. However, in this case also, with both elements present together, one of them loses its individual properties, namely, tantalum does not now retain its molecule of hydrogen peroxide.
Similar phenomena of "loss of individuality" are known for the systems titanium-niobium-sulphate and others.
An example of the second sub-group may be the processes taking place in the system copper-aluminium-tartrate. By the weil established data of some American chemists, the absorption spectrum of the tartrate complex of copper changes in the presence of aluminium. This is observed in the presence of an excess of tartrate, and the change in the spectrum cannot, therefore, be attributed to a decrease in the coordination number of copper.
A similar fact may be cited for the system magnesium-iron-tartrate. Magnesiuin forms coloured compounds with some dyes, such as titanic yellow. Sodium tartrate has little effect on the formation of such coloured compounds and iron does not react with titanic yellow in the presence of tartrate either. However, in the presence ofboth magnesium and iron as weil as tartrate, magnesium does not form a coloured compound with titanic yellow. In such cases the two electropositive atoms ( copper and alumini um, or magnesium and iron) form a mixed complex with one and the same tartrate molecule.
One more sub-group, where the so-called "extraspherical coordination bond" is manifested should, probably, also be referred to this same group (two metals, one Iigand). Of the examples described in the literature the following may be considered. It is known that molybdenum may be determined photometrically on the basis of the formation of a thiocyanate complex on adding reducing agents. Iron is then reduced to the bivalent state, which permits molybdenum to be determined in the presence of iron. However, a mqre careful study of the absorption spectra shows that iron shifts the position ofthe maximum ofthe molybdenum-thiocyanatesystem, although iron itself does not form coloured compounds under these conditions. This is probably due to the formation of a complex with an "extraspherical bond", i.e. a slightly dissociating con1pound of the type iron salt-molybdenumthiocyanic acid. Other cases are known of a similar effect of metals on the absorption spectra of acidocomplexes of other metals.
This group of triple complexes ( two metals, one Iigand) also includes a number of compounds formed on interaction of some metals with dimethyl glyoxime and stannous tin. Ordinary dimethyl glyoximate of iron (II) is formed only in an ammonical medium and decomposes at pH < 4. However, ifiron reacts with dimethyl glyoximate in a strongly alkaline medium, and stannous chloride is introduced as a reducing agent, the resulting complex is of an altogether different nature. This complex is resistant to acids up to pH = 1; the complex may be isolated, tin being precipitated very slowly on addition of hydrogen sulphide. I t is interesting to note that tin itself does not manifest any marked tendency to form complexes with dimethyl glyoxirn.e. However, together with iron, as weil as with molybdenum, rhemum and other metals, it forms coloured complexes of importance for photometric analysis. It was at first supposed that tin does not enter into the composition of the complexes, but plays the role of a mere reducing agent. However, a more detailed investigation shows that not one of the numerous reducing agents tested under similar conditions produces such an effect; neither aresuch coloured compounds formed in cases where molybdenum or rhenium is taken in any lower valence state. These facts, which were verified many times in researches in Kiev and Moscow indicate the formation of a special group of complexes containing two metals and one electronegative Iigand ( dimethyl glyoxime).
CONCLUSION
The spectrophotometric determination ofinorganic components is almost always based on the formation of complex compounds. The choice of reagent and optimal conditions of analysis may, therefore, be based only on a study of the composition, stability and conditions offormationoftherespectivecomplexes.
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Simple complexes, formed during the reaction of one metal ion with one reagent, are most frequently used for photometric determination. For some elements, however, the advantage ofmore complicated complexes, containing three components, has long been known. Thus, for instance, the known methods of determining boron, tantalum, antimony, and indium are based on the formation of coloured compounds containing a basic dye, the element to be determined and the proper electronegative Iigand.
Many researches of recent years show that various complexes containing three components are fairly frequently formed, and are of considerable interest in analytical chemistry. A typical feature is that in triple complexes the third component does not weaken the bond between the first two, but sometimes even reinforces the stability of the complex.
In many cases triple complexes have similar properties to chelate compounds. Tripie complexes often have higher values of the molar extinction coefficient than ordinary (double) complexes of the same components. In some cases triple complexes are less soluble in water and are readily extracted by organic solvents.
The data in the Iiterature show that in the development of photometric analysis the greatest successes have often been due to the use made of the formation of triple complexes, which improves not only the sensitivity but the specificity as well. It is known that many polydentate reagents have low specificity, whereas a higher specificity may often be attained during formation of triple compounds. This is due to the fact that the third component may be selec~ed, e.g. from chloride, bromide and thiocyanate. In addition, the concentration of each of two ligands may be independently varied.
Tripie complexes are also of great importance for the photometric determination of high-valent elements. The salts of the latter are strongly hydrolysed, and moreover frequently polymerized. It therefore often happens that ordinary and even chelate reagents do not react, and it is necessary to introduce a third component-a Iigand leading to depolymerization and replacing of part of the OH groups from the surrounding of the central ion, thereby decreasing its tendency to hydrolysis.
Finally, many cases have been described of the formation of complexes including two different metals. In the resulting complex at least one of the metals changes its ordinary properties to such an extent ( even those involving the presence of the given Iigand) that the phenomenon is characterized as "loss of individuality".
It should also be noted that cases are known when quadruple complexes are formed. Thus, vanadium (V) reacts with salicylate ion, forming an acido-complex. This acido-complex forms salts with organic bases, for instance with quinine; the salt with quinine (triple compound) is extracted with chloroform. lf a fluoride ion is introduced into this system, the spectral absorptionband is sharplychanged, owing to the formation of a quadruple complex.
The significance of triple complexes in homogeneaus catalysis and, consequently, in the development ofcatalytic methods was also briefly mentioned in the foregoing.
In conclusion, I should like to point out the desirability of extending research on the composition, structure and thermodynamic characteristics of triple complex compounds.
